Tumour progression, growth, and metastasis are intimately associated with both increased intratumoural angiogenesis and increased proliferation. Thus, many therapeutic strategies are focused on targeting either or both of these processes. Angiogenesis, the process by which capillaries sprout from pre-existing blood vessels, is a complex multistep process that is tightly regulated by a large number of angiogenic factors[@b1][@b2]. Vascular endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFR-2) play pivotal roles in tumour angiogenesis[@b3][@b4]. VEGFR-2, the major transducer of VEGF-mediated signals that triggers cell proliferation and migration, is extensively expressed in endothelial cells[@b5]. Inhibition of the VEGF tyrosine kinase signalling pathway inhibits neo-angiogenesis in growing tumours, leading to stasis or regression of tumour growth[@b6][@b7][@b8][@b9][@b10][@b11][@b12]. This process has clinical relevance, as underscored by the approval of bevacizumab, a humanized anti-VEGF monoclonal antibody, which was the first FDA-approved anti-angiogenic molecular targeting agent. In clinical studies, bevacizumab appears to be more effective when combined with various cytotoxic agents, particularly in the treatment of advanced colorectal cancer and non-small cell lung cancer[@b13][@b14][@b15].

Despite this success, anti-angiogenic agents only suppress tumour cell growth and do not elicit complete tumour regression. Indeed, continuous or repeated treatments are required to prevent the re-neovascularization of small residual tumours[@b16][@b17]. To eradicate the residual tumours, active immunotherapy is a potentially powerful approach[@b18][@b19]. Moreover, combination of an active immunotherapy that targets tumour cells with anti-angiogenesis drugs can lead to complete tumour regression, as suggested previously[@b20]. In this context, the exploitation of universal tumour antigens could be used as part of a novel bifunctional anticancer immunotherapy.

Telomerase reverse transcriptase (TERT) is the catalytic subunit of telomerase, which is silent in normal tissues but reactivated in most human and murine cancers. TERT expression is directly correlated with tumour growth and progression[@b21][@b22] and TERT serves as a universal tumour antigen in immunotherapy for cancer[@b23]. Immunization against TERT may overcome tumour cell immune evasion by boosting the level of cytotoxic T cells specifically targeting the neoplasm. Thus, TERT is a promising immunotherapeutic candidate that should be considered for combination with anti-angiogenic therapies.

Co-immunization against tumour (TERT) and angiogenesis-specific markers (VEGFR-2) has a stronger inhibitory effect on tumour growth than single agents[@b20]. Similarly, immunization of mice with a 1:1 mixture of dendritic cells (DCs) transfected with *VEGFR-2* and *TERT* mRNAs *in vitro* was shown to have a synergistic anti-tumour effect. Nevertheless, preparation of antigen-specific DC vaccine *ex vivo* is costly and time-consuming. A vaccine that directly targets DCs *in vivo* could be used to bypass these high costs and dependency on *ex vivo* manipulation.

Antigen-presenting cells (APCs) including DCs express the mannan receptor (MR) on their surface[@b24][@b25]. The conjugation of a recombinant antigen and mannan under appropriate oxidized condition can stimulate a measurable antitumor response[@b26][@b27]. We previously constructed a mannan-modified recombinant TERT adenovirus (AdTERT-m) as a prophylactic vaccine for targeting DCs[@b28]. This virus stimulated an antigen-specific CTL response against TERT in mice that was correlated with a clear anti-tumour effect. However, in our subsequent study, we found that the therapeutic anti-tumour efficacy of the vaccine was unsatisfactory.

Here, we have dramatically improved the efficacy of this approach by creating a "universal" and effective vaccine, which consists of mannan-modified TERT and VEGFR-2 recombinant adenovirus, Ad (VEGFR2: TERT)-m. The vaccine was tested for its ability to induce anti-tumour immunity in a mouse tumour model. We found that it elicited two kinds of anti-tumour response: an immune cell-mediated attack of tumour cells and suppression of intratumoural angiogenesis.

Results
=======

Combination vaccine induced remarkable antitumour effects
---------------------------------------------------------

To determine whether the combination vaccine,Ad (VEGFR2: TERT)-m, induced protective antitumour activity, mice were immunized and then challenged with 4T1 or CT26 tumour cells. As illustrated in [Fig. 1](#f1){ref-type="fig"}, single therapy resulted in a moderate retardation of tumour growth (AdTERT-m or AdVEGFR2-m versus Adv-m, Adv and PBS; *p* \< 0.05), and no significant difference was observed in tumour growth inhibition between AdVTERT-m and AdVEGFR2-m. Strikingly, remarkable tumour growth inhibition was achieved after combination vaccine therapy versus AdTERT-m or AdVEGFR2-m alone (*p* \< 0.05). In addition, mouse survival was significantly increased in the combination group compared to the other groups (*p* \< 0.05). Moreover, anti-tumor effect induced by the vaccines (AdVTERT-m or AdVEGFR2-m alone and the combination vaccine) was lasting for more than 140 days after tumor implantation in CT26 tumor model.

To determine the therapeutic efficiency of the combination therapy in the tumour model, mice were challenged with 5 × 10^5^ live tumour cells in the right flank and one week later received immunization weekly for four continuous weeks. As shown in [Fig. 1](#f1){ref-type="fig"}, tumour growth was slightly retarded in mice in the AdTERT-m group, and there was no significant difference in tumour growth inhibition compared to the Adv-m, Adv and PBS groups. However, significant antitumour activity was observed in the AdVEGFR2-m group in both tumour models. Furthermore, tumour growth in mice treated with the combination vaccine was more significantly inhibited than that in AdTERT-m or AdVEGFR2-m mice ([Fig. 1C,D](#f1){ref-type="fig"}). Synergistic activity of AdVEGFR2-m and AdTERT-m was observed with combination indices under 0.51 (4T1 tumour model) and 0.52 (CT26 tumour model) at a fractional effect of 0.5 (50% tumour cell killing). Thus, AdVEGFR2-m and AdTERT-m acted synergistically, with CI values \<0.9 as determined using CalcuSyn Software. Furthermore, survival of the tumour-bearing mice treated with the combination vaccine was much longer than that observed for other groups ([Fig. 1G,H](#f1){ref-type="fig"}).

We also observed that treatment with the combination vaccine in a prophylactic protocol suppressed the formation and growth of lung metastases *in vivo* (Lewis lung carcinoma model). As shown in [Fig. 1](#f1){ref-type="fig"}, the number of surface metastatic nodules was much lower in the combination group than in controls (*p* \< 0.05) ([Fig. 1I](#f1){ref-type="fig"}). Additionally, the average lung weight in the combination group was significantly lower than that in the other groups ([Fig. 1J](#f1){ref-type="fig"}).

Adenovirus immunization increases the number of splenic CD4^+^ T cells and CD8^+^ T cells
-----------------------------------------------------------------------------------------

Following the immunization regimen described above, we analysed the T cell composition in the spleen. As shown in [Fig. 2](#f2){ref-type="fig"}, mice that received immunization with null adenovirus or recombinant adenovirus had a significantly more CD4^+^ T cells and CD8^+^ T cells than mice in the PBS control group (*p* \< 0.05). Immunization with the AdVEGFR2-m vaccine alone ([Fig. 2D](#f2){ref-type="fig"}) increased the number of CD4^+^ T cells (p = 0.006), while immunization with the AdTERT-m vaccine alone ([Fig. 2E](#f2){ref-type="fig"}) increased the number of CD8^+^ T cells (p = 0.048) compared with the PBS, Adv and Adv-m groups ([Fig. 2A--C](#f2){ref-type="fig"}). Furthermore, immunization with the combination vaccine increased the number of both CD4^+^ T cells (p = 0.009) and CD8^+^ T cells (p = 0.034) in the spleen ([Fig. 2F](#f2){ref-type="fig"}).

Mannan-conjugated adenovirus could efficiently target spleen DCs
----------------------------------------------------------------

To test whether the mannan-conjugated adenovirus could target spleen DCs *in vivo*, mice were immunized with AdGFP-m (i.p.) and the spleens were harvested. As shown in [Fig. 3](#f3){ref-type="fig"}, small clusters of GFP-positive cells were observed in the spleens of mice injected with AdGFP-m ([Fig. 3C](#f3){ref-type="fig"}). Meanwhile,red fluorescence was detected in spleen slices stained for CD11c ([Fig. 3D](#f3){ref-type="fig"}). Moreover, the GFP-expressing cells displayed a micro-morphology consistent with a DC origin and also expressed the DC surface marker CD11c ([Fig. 3E](#f3){ref-type="fig"}). Only non-specific fluorescence was observed in the AdGFP group ([Fig. 3B](#f3){ref-type="fig"}), whereas no fluorescence was detected in the PBS group ([Fig. 3A](#f3){ref-type="fig"}).

To further determine whether the antigen was presented to spleen DCs after vaccination, splenocytes that co-expressed GFP and PE were analysed using flow cytometry. The proportion of cells co-expressing GFP and PE increased significantly in the AdGFP-m group ([Fig. 3H](#f3){ref-type="fig"}) compared with the AdGFP ([Fig. 3G](#f3){ref-type="fig"}) and PBS ([Fig. 3F](#f3){ref-type="fig"}) groups.

Combination AdTERT-m and AdVEGFR2-m therapy induces greater CTL activity against LL/2 cells than single immunization therapy
----------------------------------------------------------------------------------------------------------------------------

The results showed that the CTLs from mice receiving the single vaccine exhibited enhanced killing activity compared with the control groups and had increased specific lytic activity against LL/2 cells (VEGFR-2^+^ and TERT^+^). The combination vaccine provided the highest CTL activity among all groups, with 51.74 ± 3.35% specific lysis at a 60:1 effector/target ratio ([Fig. 4A](#f4){ref-type="fig"}). There was no specific lytic activity of CTLs against NIH-3T3 cells (VEGFR-2^-^ and TERT^-^) at various target/effector ratios. In addition, the CTL activity against LL/2cells was higher than that against EL4 (VEGFR-2^-^ and TERT^+^) or MS1 (VEGFR-2^+^ and TERT^-^) ([Fig. 4B](#f4){ref-type="fig"}). We also performed a blocking assay at a 60:1 effector/target ratio. Cytotoxicity in the single vaccine group was blocked in the case of the splenocytes pre-treated with anti-CD8 mAb, whereas cytotoxicity in the combination vaccine group was blocked by anti-CD8 or anti-CD4 mAbs ([Fig. 4C](#f4){ref-type="fig"}).

Enrichment of intra-tumour CD8^+^ T lymphocytes using the combination vaccine
-----------------------------------------------------------------------------

To determine the effect of the combination vaccine on tumour growth and tumour-infiltrating lymphocytes (TIL), we analysed CD4^+^ and CD8^+^ T cell populations. As shown in [Fig. 5](#f5){ref-type="fig"}, separately treatment with AdTERT-m or AdVEGFR2-m increased the CD8^+^ subpopulation of TIL compared to the Adv-m, Adv and PBS groups (*p* \< 0.05). However, there was no difference in TIL between AdTERT-m and AdVEGFR2-m. Notably, the proportion of CD8^+^ T-lymphocytes in the combination group was markedly higher than that in the other grou*p*s (*p* \< 0.05) ([Fig. 5F](#f5){ref-type="fig"}).

Immunization with Ad (VEGFR2: TERT)-m induced cytokine secretion
----------------------------------------------------------------

To quantify the effect of Ad (VEGFR2: TERT)-m vaccination on cytokine secretion, we performed IFN-γ assays for spleen samples of mice that had completed the immunization schedule. The amount of IFN-γ in the spleens of the Ad (VEGFR2: TERT)-m group was distinctly higher than that in the spleens of the other groups ([Fig. 6A](#f6){ref-type="fig"}). A similar result was observed in the ELISPOT assay ([Fig. 6B](#f6){ref-type="fig"}).

Inhibition of angiogenesis following mannan-modified adenovirus immunization
----------------------------------------------------------------------------

Next, the anti-angiogenic effect of the vaccines was explored. As shown in [Fig. 7](#f7){ref-type="fig"}, tumour angiogenesis in the AdVEGFR2-m group was clearly suppressed compared with the control group ([Fig. 7A--C](#f7){ref-type="fig"}), and this effect was markedly enhanced upon combination with the AdTERT-m virus ([Fig. 7A--E](#f7){ref-type="fig"}). A significant reduction in microvessel density was also observed ([Fig. 7G](#f7){ref-type="fig"}).

Combined immunotherapy is not overtly toxic to normal tissues
-------------------------------------------------------------

Vaccinated animals with no evidence of tumours were evaluated for potential toxicity for more than 10 months. No adverse consequences were indicated by gross measures including weight loss, ruffling of fur, life span, behaviour or feeding. No pathologic changes were evident in the liver, lung, kidney, spleen, or heart upon microscopic examination.

To examine the effects of immunotherapy on fecundity, female mice were immunized with combined Ad (VEGFR2: TERT)-m or each individual virus once a week for four continuous weeks and were then allowed to cohabitate with non-immunized males. Under our experimental conditions, none of the females in any of the experimental groups became pregnant.

Discussion
==========

This study demonstrated that combination immunotherapy was effective and simple to deliver. Previous studies have shown that mannan modification significantly enhances antigen identification and uptake by splenic DCs[@b28], or the lymph nodes DCs[@b29], and leads to the activation of specific T lymphocytes. It was shown that spleen DCs could process and present antigens efficiently irrespective of the route of antigen capture[@b30], therefore we take the convenience to manipulate and more intuitive method (spleen sections) to investigate the antigens delivering into DCs. Consistent with these observations, our mannan-modified vaccine is able to deliver tumour antigens to DCs and then stimulate an anti-tumour immune response ([Fig. 3](#f3){ref-type="fig"}). Compared with previous single antigen-encoding strategies developed in our laboratory[@b28], the combination virus was more effective for stimulation of DCs and provided a more potent anti-tumour immune response that significantly improved survival.

A subcutaneous tumour model was conducted in our present work to establish an initial assessment of efficacy of the vaccine *in vivo*[@b31][@b32][@b33][@b34]. The remarkable synergistic effect on tumour inhibition and mouse survival prolongation when AdTERT-m and AdVEGFR2-m were combined indicates that integration of anti-angiogenesis and antitumour immunity into one immunotherapy is a promising approach. This is clinically relevant because VEGFR-2 is also expressed by immunosuppressive cells. Thus, blockade of the VEGF-VEGFR-2 pathway could inhibit tumour-induced regulatory T cell proliferation and thereby further alleviate immunosuppression in the tumour microenvironment[@b35][@b36]. Our data also indicate that the ability of the combined vaccine to suppress angiogenesis is an effective strategy to enhance immunotherapy. The results of present work provide an initial assessment of vaccine's efficacy for further studies, such as studies with orthotopic tumour models or in large animals or humans. Our approach thus provides the experimental and conceptual basis for the design of novel future clinical strategies.

Recombinant viral vaccines are commonly studied for anticancer vaccination. In practice, however, the neutralizing immune response against viral proteins reduces the efficacy of this approach during repeated immunizations. However, replication-deficient adenoviruses can be amplified to high titres and used to stimulate the production of abundant CD8^+^ T cells[@b37]. Adenoviruses are also efficient vehicles that can be used to elicit long-term immunological memory and immune responses[@b38], which is especially suitable for the purposes of the current study. We previously showed that AdTERT-m treatment did not inhibit tumour growth to the extent that we predicted[@b28]. Our finding that AdVEGFR2-m immunotherapy was superior to that of AdTERT-m *in vivo* ([Fig. 1C,D](#f1){ref-type="fig"}) is consistent with the results of Nair *et al.*, who reported that anti-TERT immunotherapy was inferior to anti-VEGF/VEGFR-2 treatment[@b20]. This indicates that anti-VEGFR-2 treatment has inhibitory effects on both tumour vasculature and tumour cells themselves.

We suggested that the combined vaccine was clearly superior to either of the single vaccines because of a potential convergence on the CTL response, as previous studies have shown that this is the primary mechanism responsible for tumour regression in mice[@b28][@b29]. Indeed, we found that combined vaccine treatment induced cytotoxicity more robustly in tumour cells expressing either VEGFR-2 or TERT (MS1 and EL4 cells, respectively) and was even more effective against LL/2 cells, which express both antigens ([Fig. 4B](#f4){ref-type="fig"}). Further analysis revealed that the effect of the combined vaccine was almost completely attenuated by the depletion of CD8^+^ T lymphocytes ([Fig. 4C](#f4){ref-type="fig"}). These findings indicated that the selective CTL response against TERT and VEGFR-2 induced by the combined vaccine may rely mainly on CD8^+^ T lymphocytes. This is consistent with the critical role of CD8^+^ T cells in the development and maintenance of CTLs and in mediating antitumour immunity[@b39][@b40][@b41][@b42].

Increased intra-tumour infiltration of lymphocytes (TILs) and activation of CD8^+^ T-cells[@b43] inhibits tumour growth *in vivo*[@b44]. Moreover, CD8^+^ T-cell infiltration in colon cancer[@b45], breast cancer[@b46] and lung cancer[@b47] is the best prognostic marker for patient survival. In addition, CD8^+^ T cells are the dominant element of TILs[@b47], and CD8^+^ T cell or TIL function is always impaired in tumours[@b48]. On the basis of these findings, we measured CD8^+^ T cell abundance in tumour tissues and found that the intra-tumour infiltration of CD8^+^ T lymphocytes in the combined vaccine group was significantly increased ([Fig. 5](#f5){ref-type="fig"}). Thus, the higher proportion of CD8^+^ T lymphocytes may be at least partly responsible for the antitumour efficacy of our combined adenoviral therapy.

We note, however, that the effects of the combined vaccine were also partially inhibited by depletion of CD4^+^ T lymphocytes ([Fig. 4C](#f4){ref-type="fig"}). Thus, CD4^+^ T lymphocytes may also mediate a specific CTL response against TERT and VEGFR-2[@b49]. This is consistent with observations that IFN-γ secreted by CD4^+^ T lymphocytes plays an important role in anti-tumour immunity[@b50], and that those CD4^+^ T lymphocytes regulate early tumour outgrowth via IFN-γ-dependent inhibition of tumour angiogenesis[@b51]. Furthermore, CD4^+^ T cells promote the activation and proliferation of CD8^+^ T lymphocytes in advanced tumours[@b52][@b53]. In our current study, we observed that the combined vaccine leaded to the generation of high levels of IFN-γ ([Fig. 6](#f6){ref-type="fig"}). Together, these results suggested that both CD8^+^ and CD4^+^ T lymphocytes are involved in the immune response against TERT and VEGFR-2.

We also observed inhibition of angiogenesis in mouse tumour tissue ([Fig. 7](#f7){ref-type="fig"}), consistent with the reduced rate of angiogenesis in mice immunized against VEGFR-2. In the combined vaccine group, an extraordinary suppression of tumour-associated angiogenesis was observed, confirming that immunization against TERT and VEGFR-2 is a powerful anti-angiogenic strategy. The mechanisms underlying this synergy are not well understood but may involve a reduction in the secretion of pro-angiogenic factors from the tumour cells themselves.

Although no significant impact on overall physiology was detected in males or females over the long term in response to the combined virus, we did find that the therapy was associated with an abolition of fecundity. This is consistent with a previous report that mice immunized against VEGFR-2 fail to become pregnant[@b54]. The contribution of TERT immunization to this effect is not clear, although Nair *et al.* did not detect an impact of TERT on pregnancy[@b20]. Thus, the potential adverse effects of immunotherapy and their underlying causes should be carefully considered in future experiments.

To the best of our knowledge, we believe that the present report provides the first description of a combined tumour immunotherapy that targets both TERT and VEGFR-2. The reduced requirement for *ex vivo* manipulation and the remarkable synergy achieved by targeting both tumour cells and tumour vasculature suggest that this approach is may be suitable for translation to future clinical studies.

Materials and Methods
=====================

Ethics statement
----------------

Mouse experiments were conducted in accordance with Sichuan University's animal welfare guidelines. The experiments were approved by the the Ethics Committee of Animal Experimentation of Sichuan University.

Adenovirus construction
-----------------------

Recombinant adenoviruses expressing TERT and VEGFR-2 were constructed and identified in preliminary work[@b28][@b55]. Briefly, murine VEGFR-2 and TERT were amplified from the VEGFR-2 and TERT original plasmids using published primers. Using the SfiI restriction enzyme (New England Biolabs) and T4 DNA ligase (JingMei Biological Engineering Co., Ltd), the target genes were subsequently cloned into a shuttle vector (pShuttle-CMV, SinoGenoMox Research Center Co., Ltd). The recombinant vectors (pShuttle-VEGFR2 and pShuttle-TERT) were transferred into the adenoviral backbone carrier pAdxsi (SinoGenoMoxResearch Center Co., Ltd) using I-CeuI and I-SceI restriction enzymes (New England Biolabs) and T4 DNA ligase (JingMei Biological Engineering Co., Ltd). pAdxsi-VEGFR2 and pAdxsi-TERT were linearized using PacI restriction enzyme (New England Biolabs) and transfected into HEK293 cells (human embryonic kidney cell line). After 14 days, adenoviruses (AdVEGFR-2 and AdTERT) were harvested. The recombinant adenoviruses were amplified in HEK293 cells, purified with the Adenovirus Purification Miniprep Kit (Biomiga San Diego, USA), and further titred by using a plaque assay, yielding the number of plaque forming units per millilitre (PFU/ml). To investigate the process of antigen uptake, an adenovirus vector expressing green fluorescent protein (AdGFP) was also prepared.

Adenovirus modification
-----------------------

The recombinant adenovirus was coupled with mannan (Sigma) as previously reported[@b56]. In brief, adenoviruses were mixed with oxidizing mannan (OM) at a proportion of 1 × 10^8^ PFU:14 mg/ml and incubated overnight at room temperature (RT) for AdTERT-m (AdTERT-mannan) or AdVEGFR2-m (AdVEGFR2-mannan) generation without any further purification. We observed that co-immunization of mice with dendritic cells (DCs) transfected with mRNAs that encode TERT and VEGFR-2 (mixed at a 1:1 ratio) exhibited a synergistic antitumour effect, as reported previously[@b20]. We thus used recombinant adenovirus AdTERT-m and AdVEGFR2-m mixed at the ratio of 1:1 (1 × 10^8^ PFU: 1 × 10^8^ PFU) as our combination vaccine Ad(VEGFR2:TERT)-m (Ad(VEGFR2:TERT)-mannan). Additionally, we used phosphate-buffered saline (PBS), Ad-null virus (without the genes of interest) modified with or without OM (Adv-m and Adv, respectively), AdTERT-m alone and AdVEGFR2-m alone as controls.

Tumour models and immunization
------------------------------

Female 6-week-old mice were purchased from the Laboratory Animal Center of Sichuan University. To investigate the preventive effect of Ad(VEGFR2:TERT)-m in tumour models, mice were randomly divided into 6 groups (n = 10 animals/group) and a dose of 1 × 10^8^ PFU/100 μl per mouse of Ad(VEGFR2:TERT)-m (the dose proved effective in preliminary experiments) was delivered to the mice by intraperitoneal (i.p.) injection once a week for four weeks. Control animals were given i.p. injections of AdTERT-m alone, AdVEGFR2-m alone, Adv, Ad-m or PBS. One week after the fourth immunization, 4T1 murine mammary tumour cells or CT26 murine colon carcinoma cells (5 × 10^5^) were injected subcutaneously into the right flanks of BALB/c mice. In the therapeutic immunization mode, mice (n = 10 per group) were injected with 5 × 10^5^ live tumour cells subcutaneously in the flank. Seven days later, mice were given i.p. injections of the vaccines weekly for four weeks at the same dose as described above. Tumour incidence was evaluated by daily inspection and tumour volume was measured every 3 days using a Vernier caliper. Volume was calculated according to the following formula: V = 0.52 × L (W) ^2^. V = volume (mm^3^), L = length (mm) and W = width (mm)[@b57].

To test the efficacy of vaccines against tumour metastasis, 5 × 10^5^ LL/2 (Lewis lung carcinoma) cells were injected into the tail vein of each C57BL/6 mouse on day 7 after the fourth immunization (as described above). All mice were sacrificed when control mice became moribund (21 days after LL/2 cells were injected into the tail vein of each mouse). Lung surface metastatic nodules and lung weight were measured[@b58].

Targeting splenic dendritic cells (DCs) using adenovirus modified with oxidized mannan
--------------------------------------------------------------------------------------

To investigate the process of antigen uptake, BALB/c mice (n = 5 per group) were injected i.p. with 1 × 10^8^ PFU of oxidized mannan-modified AdGFP (AdGFP-m), unmodified AdGFP or PBS. Three days later, the spleens were removed from recipient mice. One half of the spleen was cryosectioned and sections were stained with phycoerythrin (PE)-labelled anti-CD11c (BD Pharmingen). The two-color immunofluorescence (PE and GFP) was examined using fluorescence microscopy (Zeiss). The other half of the spleen was prepared for single splenocyte suspension and stained with PE-labelled anti-CD11c for analysis by flow cytometry (Becton Dickinson, San Jose, USA).

*In vitro* cytotoxicity assay
-----------------------------

Single-cell splenocyte suspensions were prepared from recipient mice one week after immunization and used as cytotoxic T-lymphocyte (CTL) effector cells. MS1 (a murine pancreatic endothelial cell line expressing VEGFR-2), EL4 (a VEGFR-2-negative murine lymphoma cell line), LL/2 (a Lewis lung carcinoma cell line expressing both VEGFR-2 and TERT) and NIH/3T3 (a murine embryonic fibroblast cell line expressing neither VEGFR-2 nor TERT) cells were used as target cells. Effector and target cells were incubated at different ratios in 96-well plates. The cytolytic activity of the cells was determined using a 4-h chromium ^51^Cr release assay. Briefly, approximately 1 × 10^6^ target cells were labelled with 100 μCi of Na~2~^51^CrO4 (Amersham Bioscience) for 2 h at 37 °C and then plated at a concentration of 1 × 10^4^/100 μl/well into 96-well plates. Next, 100 μl of splenocytes was added at different ratios to ^51^Cr-labeled target cells and incubated for 4 h at 37 °C. Target cells cultured in medium alone (target spontaneous release) or treated with 1% Triton X-100 (target maximum release) were used as controls. Finally, 100 μl of the cell supernatant was harvested and evaluated for radioactivity using a gamma counter. Cytotoxicity was calculated using the following formula: lysis rate (%) = 100% × \[(experimental release - target spontaneous release)/(target maximum release - target spontaneous release)\].

In addition, cytotoxicity inhibition assays were also performed. Target cells were pre-treated with monoclonal antibodies (mAbs) (BD Pharmingen) at 50 mg/ml at room temperature for 30 min. The mAbs used included anti-CD4, anti-CD8, anti-NK, and their isotype-matched IgG controls. We validated the activity of each of these mAbs in preliminary pilot experiments.

ELISA
-----

Seven days after the fourth immunization, splenic mononuclear cells were isolated from individual mice, and the splenocytes (2 × 10^5^/well) were cultured in 96-well culture plates at 37 °C with 5% CO~2~ in the presence or absence of VEGFR-2 and TERT proteins (0.5 mg/ml, respectively). The supernatants were collected at 72 h to analyse the secretion of IFN-γ using an enzyme-linked immunosorbent assay ELISA kit (Neobioscience Technology Co., Ltd).

ELISPOT assay
-------------

The enzyme-linked immunospot (ELISPOT) assay was performed to assess IFN-γ secretion. Briefly, splenocytes (2 × 10^5^/well) were incubated in polyvinylidene difluoride (PVDF)--bottom 96-well filtration plates (Dakewe Biotech Company Limited) at 37 °C with 5% CO~2~ in the presence or absence of VEGFR-2 and TERT proteins (BD Pharmingen) (0.5 mg/ml VEGFR-2 with 0.5 mg/ml TERT or 0.25 mg/ml VEGFR-2 with 0.25 mg/ml TERT) for 4 h. Once IFN-γ was produced, wells were read using an ELISPOT reader (Cellular Technology Ltd.). The numbers of spot-forming cells (SFC) per 10^6^ cells was calculated.

Detection of CD4^+^ and CD8^+^ T cells via flow cytometry
---------------------------------------------------------

Single-cell splenocyte suspensions were prepared from recipient mice seven days after immunization as mentioned above. Cells were stained with anti-CD8-FITC, anti-CD4-PE, or isotype control (BD Pharmingen). The frequency of CD4^+^ and CD8^+^ T cells was characterized using flow cytometry analysis on a FACScan system with CellQuest software (BD Pharmingen).

In addition, the amount of lymphocytes that infiltrated tumour issues was evaluated. Mice were challenged with LL/2 cells (5 × 10^5^ cells per mouse). One week after four cycles of immunization, tumour tissues were removed and suspensions of individual tumour cells were prepared by straining samples through 80-μm mesh nylon wool. After addition of ammonium chloride lysis buffer, cells were incubated with anti-CD4-PE or anti-CD8-FITC and then analysed using flow cytometry as described above.

Immunohistochemistry
--------------------

Immunohistochemistry was performed as described previously[@b59]. To investigate the microvessel density (MVD) in tumour tissues, frozen sections were fixed in acetone and stained with monoclonal rat anti-mouse CD31 (murine endothelial cell marker, BD Pharmingen). The MVD was estimated by averaging the total number of microvessels from five high-power fields per section as described previously[@b60].

Evaluation of adverse effects
-----------------------------

Mice immunized with these vaccines were also investigated for potential toxic side effects of the immunization. The evaluation continued for over 10 months. Gross measures such as weight loss, ruffling of fur, life span, behaviour, and feeding were investigated. Tissues of the heart, liver, spleen, lung, and kidney were also fixed in 10% neutral buffered formalin solution and embedded in paraffin. Sections with a thickness of 3--5 μm were stained with haematoxylin and eosin (H&E).

Fertility was tested as reported previously[@b60]. Briefly, mice were immunized with Ad(VEGFR2:TERT)-m, AdTERT-m or AdVEGFR2-m alone four times at weekly intervals, and female mice were then allowed to cohabitate with non-immunized males. This was performed in triads (two females to one male per cage). The number of days until labour and the number of pups were recorded.

Statistical analyses
--------------------

All data are presented as the mean ± standard deviation (SD) and are representative of at least triplicate experiments. The differences between individual time points and differences between the groups were analysed using ANOVA and unpaired Student's t test. The survival curves were plotted using the Kaplan-Meier method and analysed between groups using the standard Mantel-Cox log-rank test. Ratios were compared using the chi-squared test. Significant differences were considered at *p* \< 0.05. The nature of the interaction between AdTERT-m and AdVEGFR2-m was calculated using the Chou-Talalay method for determining the combination index (CI) using CalcuSyn software (Biosoft, Ferguson, MO). Based on this approach, combination index values \<0.9 are considered synergistic, values \>1.1 are antagonistic, and values 0.9--1.1 are nearly additive[@b61].
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![*In vivo* antitumour effects of AdVEGFR2-m and AdTERT-m combination therapy.\
Mice were immunized with 1 × 10^8^ PFU/100 μl of vaccine once a week for four weeks, and at one week after the fourth immunization they were challenged with 5 × 10^5^ 4T1 (**A** and **E**) and CT26 (**B** and **F**) cells, or they were first challenged subcutaneously with 5 × 10^5^ 4T1 (C and G) and CT26 (D and H) and then after seven days immunized with 1 × 10^8^ PFU/100 μl of vaccine once a week for four weeks. There was a significant difference in tumour size between the combined AdVEGFR2-m and AdTERT-m group and control groups (A-D, *p* \< 0.05, repeated measures ANOVA). The combined vaccine Ad(VEGFR2:TERT)-m also prolonged survival of mice compared with controls (E-H, *p* \< 0.01, log-rank test). Subsequently, mice were immunized as described above and 5 × 10^5^ LL/2 cells were injected into the tail vein seven days after the last immunization. Once the control mice appeared moribund (21 days after tumour injection), all mice were sacrificed and the resected lungs were weighed and assessed for metastatic nodules on the surface. The combined vaccine decreased the number of metastatic nodules (I) and alleviated tumour burden (J) (*p* \< 0.05, one-way variance test). The results were expressed as the mean ± SD.](srep11275-f1){#f1}

![Effect of vaccines on splenic T lymphocytes in tumour-bearing mice.\
Cell suspensions were derived from spleens of mice immunized over four cycles with PBS (**A**), Adv (**B**), Adv-m (**C**), AdVEGFR2-m (**D**), AdTERT-m (**E**) or Ad(VEGFR2:TERT)-m (**F**). After reaction with mAb to CD4 and CD8, the suspension was subjected to flow cytometry. The proportion of CD8^+^ and CD4^+^ T cells in the vaccinated groups (**B--E**) was markedly higher than that in control (A). Immunotherapy with the AdVEGFR2-m vaccine alone (**D**) increased the number of CD4^+^ T cells (p = 0.006), while the AdTERT-m vaccine alone (**E**) increased the number of CD8^+^ T cells (p = 0.048) compared to the PBS, Adv and Adv-m groups (**A-C**) respectively. Furthermore, immunotherapy with the combination increased both the number of CD4^+^ T cells (p = 0.009) and CD8^+^ T cells (p = 0.034) in the spleen (**F**); (**G**) presents a bar graph.](srep11275-f2){#f2}

![Uptake of adenovirus expressing GFP by DCs in the spleen.\
Mice were treated i.p. with PBS, AdGFP (B) and AdGFP-m (**C-E**). Three days later, frozen sections of the spleen were stained with a PE-labelled mAb to CD11c and imaged using a fluorescence microscope to determine co-expression of GFP and PE. The PBS group (**A**) was GFP-negative and the AdGFP group (**B**) displayed a non-specific GFP signal. However, cells in the spleen of mice immunized with AdGFP-m displayed both green (**C**) and red (**D**) signals and had a morphology consistent with DCs. Cells expressing GFP colocalized with CD11c (**E**). In parallel, the splenocyte suspensions were prepared and examined by flow cytometry three days after harvesting. The proportion of cells co-expressing GFP and PE in the AdGFP-m group (**H**) was significantly higher than that in the PBS (**F**) and AdGFP group (**G**) (*p* \< 0.05, chi-squared test).](srep11275-f3){#f3}

![Combination therapy enhanced the cytotoxic effects of CTLs against cancer cells.\
T cells derived from the spleens of the combined vaccine were tested against LL/2, MS1, EL4 and mouse fibroblast cells (NIH-3T3) at different effector/target ratios using a standard chromium 51Cr release assay. T cells isolated from the spleens of mice treated with the combined vaccine exhibited higher cytotoxicity against LL/2 cells than those from the spleens of controls at a 60:1 effector/target cell ratio (**A**). T cells were able to lyse LL/2, MS1 and EL4 cells (**B**). The cytotoxicity was blocked completely by anti-CD8 (*p* \< 0.001, variance test) and partly by anti-CD4 mAbs (**C**). (*p* \< 0.05, variance test).](srep11275-f4){#f4}

![Effect of the combined vaccine on the infiltration of T-cells in tumour tissues.\
Cell suspensions were prepared from tumour tissues of mice immunized over four cycles with PBS (**A**), Adv (**B**), Adv-m (**C**), AdVEGFR2-m (**D**), AdTERT-m (**E**) or Ad(VEGFR2:TERT)-m (F). After incubation with mAb to CD4 and CD8, the suspension was subjected to flow cytometry. The ratio of CD8^+^ T cells in the combined vaccine group (F) was markedly higher than that observed in the controls (A-E), as shown in the bar graph (G) (\**p* \< 0.05, variance test).](srep11275-f5){#f5}

![IFN-γ production induced by combined vaccine immunization.\
The spleens of mice subjected to a complete immunization course were evaluated for IFN-γ production *in vivo* using a mouse IFN-γ ELISA kit (**A**). The amount of IFN-γ in the combined vaccine group was much higher than that in controls. Splenocytes were isolated from mice and incubated on a microplate at 37 °C for 4 h. Two concentrations of proteins (0.5 mg/ml VEGFR-2 with 0.5 mg/ml TERT proteins or 0.25 mg/ml VEGFR-2 with 0.25 mg/ml TERT proteins) were added to each well to stimulate splenocytes. The splenocytes isolated from the combined vaccine group higher levels of IFN-γ than the control groups as determined by the ELISPOT assay (**B**). (*p* \< 0.05, variance test).](srep11275-f6){#f6}

![Anti-angiogenesis effect of combined vaccine immunization.\
Frozen sections of B16 tumour tissues isolated from mice immunized with PBS (**A**), Adv (**B**), Adv-m (**C**), AdVEGFR2-m (**D**), AdTERT-m (**E**) and Ad(VEGFR2:TERT)-m (**F**) were stained with an antibody reactive to CD31. The vessel density of each sample was estimated by averaging the total number of microvessels in five random fields (brown; original magnification, ×200). The vessel density in the Ad (VEGFR2:TERT)-m group was significantly lower than that in the other groups (**G**) (*p* \< 0.05, variance test).](srep11275-f7){#f7}
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